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Yu Song: songyu150@163.com 1 9 2 0 2 1 2 2 Highlight：SiGRFs in foxtail millet: SiGRF1 hastens flowering in transgenic Arabidopsis thaliana exposed to salt 2 3 stress 2 4 2 5 2 6 2 7 2 8 2 9 3 0 3 1 3 2 3 3 1 5 12 h post-incubation for visible radical emergence as a proxy for seed germination. Each treatment 1 6 contained three independent replicates. Yeast two-hybrid assay 1 8 SiGRF1 protein interactions were investigated by screening a foxtail millet cDNA library in yeast 1 9
with the Matchmaker Two-Hybrid System 3 (Clontech). SiGRF1 cDNA without the termination 2 0 codon was cloned with EcoR1 technology in pGBKT7. The bait vector obtained was transformed in 2 1 the yeast strain AH109. The bait strain was transformed according to the manufacturer's instructions 2 2 with a commercially available library (Takara, Japan) expressing Nub fused to cDNAs. The library 2 3 was constructed with total RNA from a mixture of tissues from 10-d-old foxtail millet seedlings. The coding sequences of SiGRF1 was inserted into the BamH I sites of the pSPYNE vector and that 2 6 of SiRNF1/2 was inserted into pSPYCE vectors (Walter et al., 2004) . These plasmids were extracted protoplasts was assayed under a Zeiss LSM 700 confocal microscope 8 h after transformation.
9
Co-immunoprecipitation (Co-IP) assays 3 0 7 To evaluate the interaction between SiGRF1 and SiRNF1/2 in vivo, Co-IP assays were carried out as 1 previously described (Zheng et al., 2013) . Agrobacterium strain GV3101 carrying the 2 pCAMBIA1305-SiGRF1-GFP, pCAMBIA1305-SiRNF1/2-FLAG, or 35S::p19 construct was 3 co-infiltrated into a Nicotiana benthamiana leaf. After growing in the dark for three days, the leaf The foxtail millet genome contains eight SiGRFs, and the predicted polypeptide lengths of SiGRF kDa; Table S2 ).
6
To evaluate the phylogenetic relationships among the SiGRFs in foxtail millet and six other 1 7 species, predicted 14-3-3 sequences of 15 A. thaliana, 16 B. distachyon, 10 O. sativa, 28 T. aestivum, 1 8 6 S. bicolor, 26 maize, and 8 foxtail millet were used to generate a neighbor-joining phylogenetic 1 9 tree ( Figure 1 ). The phylogenetic analysis categorized the 14-3-3s into ten discrete groups (Clusters I 2 0 to ), containing, respectively, 20, 14, 7, 4, 17, 3, 8, 14, 10, and 11 predicted proteins (Figure 1 ).
1
Many of the internal branches had high bootstrap values, indicating statistically reliable pairs of 2 2 possible homologous proteins.
3
In silico tissue-specific expression profiling of SiGRFs 2 4 A heat map generated for examining tissue-specific expression showed differential transcript 2 5 abundances of eight SiGRF genes in four major tissues, namely shoot (control), germ shoot, leaf, and replicates of each sample are given in Table S3 . The results showed greater levels of expression in all 2 8 the plant tissues compared to that of the shoot. Greater expression of SiGRF1 and SiGRF2 were only To explore the potential functions of SiGRF genes under different stress and light treatments in 3 foxtail millet, microarray analysis was performed using available GeneATLAS data 4 (https://phytozome.jgi.doe.gov/pz/portal.html) for RNA from foxtail millet roots subjected to 5 ammonia, drought, nitrate, or urea and shoots exposed to dark, blue, red, or far red light treatments.
6
Results showed that all of the SiGRF genes varied in their expression levels in response to one or 7 more stress or light relative to their expression in untreated control samples ( Figure 3 and Table S4 ). suggests that these genes may be related to plant growth and flowering. We used qPCR to further verify the expression levels of SiGRF genes under abiotic stress or 6% PEG, and ABA stress conditions. The expression levels of two SiGRF genes (SiGRF3 and 2 0 SiGRF5) were unchanged by any treatment. However, the germination of SiGRF5-OE, SiGRF6-OE, and SiGRF8-OE lines was faster than that of 3 0 9 Col-0 under 0.5 μ M ABA ( Figure S2 ). In the presence of 120 mM NaCl, SiGRF4-OE and 1 SiGRF5-OE lines produced longer main roots, and SiGRF7-OE lines produced longer lateral roots 2 compared to those of Col-0 ( Figure S3 and S4). When grown on 6% PEG medium, SiGRF2-OEs and 3 SiGRF8-OEs had longer lateral roots than that of Col-0 ( Figure S3 and S4). SiGRF2-OE, SiGRF1-OEs had slightly lower germination rates and smaller leaves compared to Col-0 under 8 the control condition ( Figure S1 , S3, 5A and 5B). In the presence of 120 mM NaCl, 6% PEG or 0.5 9 μ M ABA, the germination of SiGRF1-OEs was slower than that of Col-0, and their seedlings' root 1 0 lengths were shorter compared to that of Col-0. The lateral roots of SiGRF1-OEs were longer than 1 1 lateral roots of Col-0 under the 120 mM NaCl treatment ( Figure S1 ), suggesting that SiGRF1 may 1 2 function in resistance to salt stress. NaCl treatment, these results suggest that overexpression of SiGRF1 may help transgenic A. thaliana 2 2 complete its life cycle quickly to avoid salt stress. 
RNA-Seq analysis of gene expression associated with SiGRF1 action 2 4
To identify changes in gene expression associated with SiGRF1 action, we performed an RNA-seq Col-0 plants. We identified 174 genes that were differentially expressed (log2 value ≥ 1.5-fold 2 7 difference, p-value less than 0.05), which comprised of 156 up-regulated genes and 18 2 8 down-regulated genes. Di erentially expressed genes were categorized into functional groups using 2 9
Gene Ontology (GO) analyses. The top key GO terms were cellular process, response to stimulus, We also observed that the expression of several flower-related marker genes in SiGRF1-OEs transcript levels of these genes in SiGRF1-OEs plants were significantly greater due to salt stress 1 8 ( Figure 7) . Previous studies have shown that FT and LFY were the direct targets of WRKY71; FUL 1 9
was also up-regulated by WRKY71 (Yu et al., 2017) . Altogether, these data also suggest that the 2 0
SiGRF1 gene may hasten transgenic A. thaliana to complete its life cycle sooner to avoid salt stress 2 1 via regulation of the expression of WRKY71.
2
Identification of SiGRF1 target proteins using the yeast two-hybrid system 2 3
The identification of protein partners should provide clues to understanding the function(s) of 2 4
SiGRF1. To this end, we sought to identify possible SiGRF1 target proteins using a yeast two-hybrid 2 5
approach. SiGRF1, as bait protein, was used to screen the foxtail millet cDNA library. Of ~9×10 7 2 6 primary transformants, 200 HIS-selected clones that showed LacZ activity were obtained. From 2 7
these, 60 clones were randomly chosen and further analyzed by DNA sequencing. Twelve different 2 8
cDNA clones contained sequences of SiRNF1/2 (Si021868m), a member of the ubiquitin-proteasome YFP signal was detected in the absence of SiGRF1 (Figure 8 E) . These results suggest that the 2 0
interactions between SiGRF1 and SiRNF1/2 occurred in the cytoplasm (Figure 8 D) . Subsequently, 2 1
we performed co-immunoprecipitation assays in N. benthamiana leaf to further investigate whether 2 2
SiGRF1 interacts with SiRNF1/2 in vivo. Green fluorescent protein and FLAG tags were anti-GFP and anti-FLAG antibodies (Figure 8 F) . Anti-GFP affinity gels were used to perform 2 7
immunoprecipitation. After washing, immunoblots were probed with an anti-FLAG antibody.
8
SiRNF1/2-FLAG was pulled-down using SiGRF1-GFP. These results showed that SiGRF1 interacts 2 9
physically with SiRNF1/2 in the cytoplasm. panicle, sheath and node (Figure 9 A) . The results showed that SiGRF1 was expressed in different 5 tissues, and the expression of SiGRF1 in panicles, leaves and node were higher than that in roots, 6 culm, and leaf sheaths (Figure 9 A) . To further characterize the expression pattern of SiGRF1, the 7 GUS (β-glucuronidase) reporter gene driven by the 2.5-kb promoter region of the SiGRF1 gene was 8 introduced into A. thaliana. These transgenic lines were used for histochemical assays at different 9 developmental stages (Figure 9 B-K) . We observed strong GUS activity in the root apical meristem 1 0 (RAM) and root cap columella (Figure 9 B) , as well as the stele, lateral root primordium, and using a confocal microscope. We found that SiGRF1-GFP was localized only in the cytoplasm in Highly conserved in all eukaryotes, 14-3-3 proteins are phosphopeptide-binding proteins (Aitken et 2 0 al. , 1992) . In this study, we identified eight 14-3-3 proteins in the foxtail millet genome. Our results 2 1 agree with the research of Kumar, et al. (2015) . The phylogenetic analysis of the 14-3-3s from seven maize, S. bicolor, and foxtail millet, revealed that all of the 14-3-3 proteins can be categorized into 2 4 ten discrete groups (Clusters I to ). Furthermore, there appeared to be a species-specific 2 5 aggregation of genes in the seven species, as exhibited by groups , , and (Figure 1) , which 2 6
suggests that gene function may have species specificity, and these genes may have expanded after 2 7
the separation of monocots and dicots.
The sequences of SiGRF2, SiGRF3 and SiGRF5 have high similarity and were categorized into 2 9
Cluster . The three genes were also found to be weakly expressed in total aerial tissues under blue 3 0 1 3 light and far red light treatments (Figure 3) . Together, the data suggest that these genes may have Microarray analysis of the expression of the SiGRF genes in the four major foxtail millet tissues 7 revealed that six of these genes were differentially expressed in at least one tissue. The plant tissues suggest that this gene may be involved in many physiological processes (Figure 2) . In response mechanisms of SiGRF need further study.
Current data clearly show plant 14-3-3 proteins are involved in many key physiological 1 9 processes, ranging from metabolism to transport, biotic and abiotic stress responses, hormone 2018). For example, two A. thaliana proteins, 14-3-3μ and 14-3-3υ, influence transition to flowering 2 4 and early phytochrome response; loss of function of 14-3-3μ and 14-3-3υ showed a delay in Arabidopsis; FT orthologs of Heading Date 3A in rice ((Mayfield et al., 2007) ; and SELF-PRUNING , 2003; Meyre et al., 2004; Kumar et al., 2012; Xu et al., 2014) . Salt stress is also 8 considered as a negative factor on flowering time in most plants (Apse et al., 1999; Yu et al., 2017) .
9
Current research shows that salinity-delayed flowering is caused by a DELLA-dependent pathway. showed an early-flowering phenotype under high salinity conditions (Yu et al., 2017) .
1
In this paper, we found a foxtail millet 14-3-3 protein (SiGRF1) involved in flowering in plants SiGRF1-OEs was considerably higher than those in Col-0 under salinity-stressed conditions. The results suggest that the SiGRF1 gene may regulate the initiation date of flowering in plants exposed to act against the inhibition by DELLAs, BFT, etc. (Figure 10 ). Overall our findings suggest that 2 8
SiGRF1 activity hastens flowering time, thereby providing a means for the plant to complete its life 2 9
cycle and avoid further exposure to salt stress. Thus, we reveal a potential mechanism of plants to The following materials are available in the online version of this article.
3 Table S1 . The sequences of primers used in the study. The sequences shown in lower case were 4 added to generate a restriction enzyme site.
5 SiGRF4-OEs under the no-stress and stress treatments. SiGRF8-OEs under the no-stress and stress treatments. Foxtail millet SiActin (Si036655m) was used as an internal control to normalize the expression data.
1 5
The error bars represent the standard deviation calculated based on three technical replicates for each 1 6 of the biological duplicates. Flowering days and number of leaves at flowering of SiGRF1-OEs under no stress and high salt 2 1
